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ABSTRACT
Urban air mobility (UAM) vehicles refer to small sized systems that transport
people or cargo by air. In recent years, the interest in UAM vehicles has risen to combat
traffic congestion, provide faster delivery times, or provide easier access to remote
places. To meet potential future demand, traditional aircraft manufacturers must
introduce manufacturing technologies that can cope with high production rates. One
manufacturing technology aircraft manufacturers are investigating is overmolding, a
manufacturing technology common to the automotive industry. Overmolding combines
the manufacturing and assembly cycles into one by injection molding a component on top
of a substrate. The quality of the bond between the injection molded component and
substrate is of great importance and will impact the strength of the part. Overmolding can
increase the production rate significantly, but, it has seen little use for aerospace loadbearing applications with one of the concerns being the limited understanding of the bond
characteristics. This study aims to characterize the effects of overmolding process
parameters such as, injection pressure and temperature, packing temperature and
pressure, and mold temperature, as well as material properties (like, melt temperature and
viscosity) on bond strength using Moldex3D and ABAQUS. Moldex3D is used to
determine the effects of the process and material parameters on the temperature
distribution at the bond zone, while ABAQUS is used to predict the failure load of a Tstiffener overmolded on a substrate.
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CHAPTER 1
INTRODUCTION
Overmolding is a hybrid process that involves injecting pressurized molten
polymer or reinforced polymer or synthetic resin into a mold. The mold contains a
substrate on which the molten polymer is injected onto, thereby combining the
manufacturing and assembly cycles into a single process. Overmolding also reduces the
need for fasteners and/or adhesives to assemble parts making the entire process cost and
time efficient. With overmolding being a modified version of injection molding, it uses
the same machines and materials that are required for standard injection molding and
only the tool/mold would have to be modified to accommodate the substrate. This offers
great potential for implementing overmolding in manufacturing processes already using
injection molding with minimal cost and time investment.
Overmolding as a process is not new and has been around for a while but, it was
not of much interest in aerospace applications because it was primarily being used to
manufacture products having relatively lower structural quality requirements like softtouch plastic grips on tools, interior components for automobiles, etc. This is largely due
to limitations in-terms of materials that could be injected, with these materials being pure
polymers which usually tend to have low load bearing capacities. Breakthroughs in recent
years allowing for overmolding carbon-fiber reinforced polymers [1], has renewed the
interest in the aerospace industry. Despite all these advantages being demonstrated, part
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designers have had a hard time incorporating overmolding with one of the primary
reasons being the lack of understanding of the properties and behaviour of the bond
formed between the injection molded section and the substrate as the polymer melt flows
over it and gradually solidifies [2]. This makes it hard for designers be sure that an
overmolded component can meet their design requirements. It also makes it challenging
for manufacturing engineers to decide what processing conditions are required to meet
design requirements.
Overmolding brings with it all the abilities of injection molding processes;
allowing for manufacture of complex parts, providing these parts with high specific
strength and stiffness, could potentially allow for higher levels of functional integration.
It could potentially allow for easier manufacture of multi-material components/structures
as the process does not require the substrate and injection molded sections to be of the
same material allowing components to be designed for desired conformation, cost,
mechanical response or other forms of functionality and fastener free assemblies.
Overmolding is a versatile manufacturing technique already in use in the
automotive industry [3]. The demand for higher production rate in the aerospace industry
raises the question how and where overmolding can be implemented.
The objective of this study is to investigate the effects of overmolding process
parameters on the temperature distribution at the bond interface. The parameters and their
effects are investigated using Moldex3D, and ABAQUS is used to make strength
predictions. This study aims to answer the following research questions:
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•

•
•

Which process parameters influence the temperature distribution at the
bond interface? And how much influence does each parameter have on the
temperature distribution.
What is the effect of changes made to the process parameters on the
temperature distribution at the bond interface?
How can the Moldex3D results be used to predict bond quality?

To answer the research questions a literature review is presented in Chapter 2 to discuss
the current body of knowledge, and the principles of overmolding. In Chapter 3 the
numerical simulations in Moldex3D are discussed. Moldex3D is used to investigate the
effect of the process parameters on the temperature distribution at the bond. Chapter 4
discusses pull-off testing overmolded specimens and their results to get an understanding
for the behaviour and mechanical limits of overmold-bonds. In Chapter 5, ABAQUS is
used to visualize stress and load translation in the test specimen while being subjected to
pull-off tests and Chapter 6 notes final observations and conclusions drawn from
Chapters 3,4&5.
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CHAPTER 2
LITERATURE REVIEW
In this chapter the current body of knowledge regarding the different aspects of
overmolding are presented. With overmolding being a modified version of injection
molding, the discussion starts with the focus set on injection molding, and the process
parameters involved (Section 2.1). The overmolding process, and the differences with
respect to injection molding are discussed in Section 2.2.

2.1 Injection Molding
For a few decades now, plastics have been one of the most dominant engineering
materials finding applications across almost all industries [4]. One of the most common
and versatile manufacturing technologies for plastic components is injection molding.
Injection molding allows to mass produce plastic parts of a variety of complex shapes
while retaining high dimensional precision. This ability made it one of the most soughtafter processing techniques for converting thermoplastic and thermoset materials into
complex parts with the aid of heat and pressure. It has been such a major player in the
global manufacturing industry that injection molded parts account for 32% by weight of
all plastics in use across the world [5], second only to plastic extrusion. Among these
injection molded parts, about 90% by weight accounting thermoplastic materials and only
about 10% by weight being made of thermoset materials [6]. The United States alone is
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estimated to have about 80,000 injection molding machines to process all the many
different types of plastics. While not a common explanation, authors D.V.Rosato and
Marlene G. Rosato explain injection molding process as a non-continuous extrusion [6].
The process is illustrated in Figure 2.1.

Figure 2.1: Injection molding cycle
The injection molding process is divided into multiple steps: (i) the plastic is
heated to melt until plasticization; (ii) injection of the polymer into the mold; (iii)
compression, packing and cooling of the polymer in the mold; and (iv) mold opening and
product release. The injection molding process is a repetitive cycle and can be repeated at
a high rate for the manufacturing of large quantities in a short time. The process shares a
lot of similarities to hot-melt extrusion, in which molten material is passed through a die
to form an extrude on cooling. The injection molding cycle is considered more complex
than hot-melt extrusion as it requires more precise control to move and stop melt flow
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into the mold as opposed to having continuous flow without interruptions like in hot melt
extrusion [5].
Injection molding was patented by John and Isaiah Hyatt in 1872 when they built
the first injection molding machine for the purpose of manufacturing camphor-plasticized
cellulose nitrate, a class of materials that found use as photographic film [7]. The process
gained traction sometime during the period of World War II which gave way for huge
demand for mass manufactured, inexpensive parts [8]. The first screw injection molding
machines were developed in 1946 by James Watson Henry [9]. The same model is still
used for a vast majority of all injection molding machines in use today as it facilitates
better control over injection speed and quality of produced components than other
injection molding machine models. Another advantage that some industries found with
the screw-model injection molding machines is their ability to compound materials. This
feature is most used by the pharmaceutical industries. The introduction of gas-assisted
injection molding started making injection molding feasible to produce complex, hollow
articles that cooled quickly. This advancement greatly improved flexibility in terms of
part designs that could employ injection molding as an effective manufacturing strategy
as well as demonstrating improved part strength and surface finish, reducing production
time, cost, weight, and waste at the same time. Modern injection molding machines
enable completely automated processing with production parameters - temperature,
pressure, time, etc. for each stage are precisely controlled [5].
Some common well established advantages of using injection molding are (a) it
offers a simple continuous set-up with few production steps that can be scaled up with
little effort because individual processes like mixing, melting, homogenizing and shaping
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of the product occur in a single step (b) significant reduction in labor forces and costs
because of extensive automation (c) cycle times can be kept short because solvent
residuals or time consuming drying processes are not employed and these short cycle
times also allow for achieving high production rates that few other manufacturing process
can match (d) large scale industrial production at a high clip by implementing multicavity molds (e) one of the highest design flexibilities a single manufacturing process
offers (f) minimal material loss [5] (g) Molds can be designed such that parts need
minimal finishing once they come out of the mold (h) Same component can be molded
using different materials without having to change the tooling [10].
Disadvantages of injection molding are primarily cost-related as, capital
investment for equipment, facilities, high start-up and running costs and the need for
specific mold designs and these tooling costs can add up to be quite high [5]. While the
process is very flexible with component shape, component sizes are limited by pressures
that would have to be applied across the full part volume in-terms of clamping forces.
The complex tooling and machinery also have their share of inconsistency in operation.
While these factors do not always directly relate to the end-product, they can still cause
delays and additional expenses for the production line. Determining and controlling
processes parameters has proven to be quite challenging for researchers and
manufacturers alike. Lack of methods other than trial and error mean that there is no
reliable way of achieving reliable results or a way to confirm if the determined processing
conditions are the most optimal largely due to the limited understanding and knowledge,
we have of what it takes to ensure good material solidification in the mold. Knowledge
and understanding limitations extend to material property and behaviour over extended
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periods of usage making it hard to predict product lifespan and possibilities of long-term
failure. In some cases it can also be quite tricky to accurately determine part quality [10].
2.1.1 Injection Molding Machines
The two most common categories of injection molding machines are (a) singlestage and (b) two-stage. The single stage injection molding machine is often referred to as
the reciprocating-screw molding machine or screw-model injection molding machine.
The two stage (example shown in Figure 2.1) injection molding machine is sometimes
referred to as the piggy-back molding machine and draws comparisons to continuous
extruder machines. [6]

Figure 2.1: Two-stage injection molding
Injection molded machines usually have three basic components (a) injection unit
(b) mold/tooling (c) clamping system. [6]. Figure 2.2 shows the generic layout of these
systems.
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Figure 2.2: Injection Molding machine
The injection unit, also referred to as the plasticator is where molten plastic is
prepared for injection and via the injection unit transferred to the mold. The melt flow
goes through three primary phases in the mold (a) filling-time period where the polymer
fills out the mold cavity (b) after filling/packing-time period where the mold has been
completely filled but, temperature and pressure is still maintained to let the material
solidify well for better quality (c) cooling- temperatures and pressures are no longer
applied. Once the part has cooled down to acceptable temperatures, the clamping system
is responsible for opening the mold to allow for retrieving the part and closing it after to
start the next cycle [6].
The machine puts the material through 5 operations: (1) plasticizing: heating the
polymer to a melt in the plasticator; (2) injection: injection from the plasticator under
pressure a controlled-volume shot of melt into a closed mold, with solidification
gradually beginning on the mold’s cavity wall; (3) after filling: maintaining the injected
material under pressure for a duration of time to avoid backflow of melt and compensate
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of shrinkage that is bound to occur when cooling; (4) cooling: in case of thermoplastic
components, the molded part is allowed to sit in the mold until it is rigid enough to be
ejected and in case of thermosets, the component is heated until it is rigid enough to be
ejected; and (5) molded component release: opening the mold, ejecting the part and
closing the mold and preparing to start the next cycle. [5] also agrees with other
references that the cycle is more complex than other processes that can be used to achieve
similar results such as extrusion in that it involves sending the polymer melt into the mold
and then holding it there instead of having a continuous flow of polymer which would
make process control understandable easier. [6]
2.1.2 Machine characteristics
Injection molding machines are characterized by their shot capacity. The
maximum volume of melt that the machine can inject into a mold at one time is referred
to as shot capacity. Shot capacity tends to range between 30 to 70% of the total internal
volume of the plasticizer varying with the design of the plasticizer. Shot capacity is
sometimes defined in terms of maximum weight that can be injected in one or more mold
cavities at a once. Of the two methods of characterization, defining it by volume has
established itself to be the preferred one because, plastics even with the same
composition tend to exhibit significant variations in density so defining them by volume
that can be injected at a given pressure more consistently gives manufacturers and
consumers an accurate estimate of the part size that is being manufactured or can be
manufactured by a given injection molding machine. Another important specification that
defines the limits of a given injection molding machine is its rate of shot injection in
other words that speed at which the machine can operate to prepare the polymer for

10

injection and cycle the melt into the mold cavity to fill up a given volume at specific
operating pressures and also have the process control capability to be used for a variety of
combinations of process control because often the same machine, over its operation cycle
may work with different tooling and different materials as, high capital investment these
machines demand make it not feasible to keep purchasing new equipment often.
Injection pressures are usually measured by pressure that can be built up in the
polymer before it is injected into the mold cavity because that is one of the more
convenient locations along the process chain for monitoring and controlling pressure to
obtain desired results in the produced component. A specified clamping force also needs
to be applied to retain required pressures as the polymer flows and fills up the mold.
Barrel pressures and clamping forces may not always be material specific, they often also
depend on cross-sectional area of any melt located on the parting line of the mold,
including other cavities that might be present to obtain certain features of the part and
mold runners that are located on the parting line because such features influence flow
patterns of the molten polymer and flow patterns are known to influence pressure. In
addition, an extra safety factor must be added to the calculated or estimated barrel and
clamping pressures which is recommended to range between 10% and 20% of the
calculated pressure. [6]
2.1.3 Injection Molding Process Parameters and Control
Mechanical and thermal process parameters in the form of temperature, pressure
and injection speed have to be coordinated with the basic operations – (1) heating the
polymer to a melt, (2) allowing the melt to fill up the mold cavity and (3) solidify and end
the cycle by opening the mold to extract the manufactured component. The mechanical
11

and thermal inputs must be specific to fundamental properties and behavioural
characteristics (like glass transition temperature, melt temperature, melt viscosity, etc.) of
the material being used. Defining optimal processing conditions has been especially
harder for thermoplastic manufacturing compared to traditional metals and their alloys
due to their tendency to show greater variation in properties among material groups
having the same chemical composition. An additional complication that occurs in
injection molding as opposed to other processes like extrusion is the lack of a continuous
flow of polymer making it hard to maintain steady processing conditions. This in turn
makes it hard to gauge the properties of the material as processing conditions like
temperature and pressure keep changing constantly. This makes it quite challenging for
researchers and manufacturers to understand what the changes the polymer goes through
once it is injected into the mold because there is no standardized/reliable method to
monitor all the minute changes occurring throughout the molding process and what
impact these changes have [5]. It is noted that how fast a given material can be heated,
injected and cooled after the process have been some of the prime determinants of the
productivity of the process. Depending on what shot size is being used and wall
thickness, cycle times can vary from as small as fractions of a second to as large as a few
minutes. Another important aspect of process control is feeding the injection molding
machine, commonly done gravimetrically through the hopper and controlling the
plasticiser’s barrel-thermal profile to ensure consistent product quality. [11]
2.1.4 Injection Molding Plastic Materials
Thousands of different plastic materials across different categories like polymers,
resins, elastomers, carbon-fiber reinforced polymers, etc. are known to have been used
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for injection molding. Each of these plastic materials has its own unique properties, melt
behaviour which add up to yield product performance also unique to each material [6].
Most studies agree that the better method to ensure quality of the different plastics
meet product requirements is conducting tests on melts as well as molded parts in a trialand-error fashion until satisfactory results are obtained. Of the many available tests that
could provide potentially useful results, tensile load tests, bending resistance tests,
deflection rigidity tests and buckling tests have been the more popular ones for
determining or conforming materials properties or quality [6].
Plastic materials used for injection molding can usually be classified to be one of
either thermoplastic or thermosetting polymers with the more predominant of the two
being thermoplastic. Thermoplastics can go through multiple cycles of heating or melting
(usually heated to at least 260oC) and cooling or solidifying without relatively less loss or
degradation in material quality or properties. Different thermoplastics each have their
individual limitations in terms of the number of heating-cooling cycles they can be put
through while retaining required quality standards. On the other hand, thermoset once in
their final heating stage (usually heated to a minimum of 120°𝐶), it is not possible to use
them as is in another heating-cooling cycle due to the phenomenon of interlocking
polymer chains making the reaction irreversible on the molecular level resulting in
making the thermosetting material permanently insoluble and infusible once the material
consolidation is complete. Some plastics, especially reinforced plastics are known to
require higher melt temperatures of up to 400°𝐶. [6]
Over the years it has become common practise to extensively compound plastics
of different mounts and combinations of additives, colorants, flame retardants,
13

reinforcements, etc. Compounding also embraces the mixing of two or more plastics that
may be miscible or immiscible with or without additives. [6]
When injection molding thermoplastics, the mold is initially kept at a temperature
below the melting point of the material being used. This approach causes the injected
polymer melt to initiate surface freezing as it comes in contact with the cavity wall
followed by formation of the solid product. Once it is given sufficient time to cool, the
mold opens to eject the part. When processing thermosets, the mold is preheated but
made sure that it does not exceed a certain temperature (depending on the properties of
the polymer in use) as the polymer melt enters the mold to not cause premature
solidification due to its exothermic reaction. After the mold cavity has been filled up,
more heat and clamping force are provided to give sufficient temperature and pressure to
allow the melt to undergo its final chemical cross-linking reaction to ensure proper
solidification of the material occurs and the resulting component has uniform properties
across its volume.
2.1.5 Morphology and Performance
The processability and performance of thermoplastics such as meeting product
tolerance requirements and mechanical properties are influenced by factors like molecule
size and weight distribution shapes or structures of individual molecules. Thermoplastics
are formed by making long chains of molecules or molecules with branches (lateral
connection) to form complex molecular structures and shapes. All these forms exist in
either two or three dimensions. Molecular geometry/morphology is an important factor in
determining how close the molecules can be packed together. The molecules that can be
tightly packed are identified as crystalline (some examples being Polyethylene,
14

Polypropylene, Polyamide, etc.) and the others are categorized as amorphous (some
examples being acrylic, Polystyrene, etc.). Morphology pertains to Thermoplastics but
not Thermosets. When Thermosets are processed, their individual chains are strongly
bonded together during an irreversible chemical reaction. Plastics usually exist as truly
homogeneous amorphous solids or heterogenous semi-crystalline solids.
2.1.6 Melt Flow and Rheology
The rheology (science of deformation and flow of matter under various
conditions) of thermoplastics is quite complex but still manageable [8]. Viscosity (the
measure of a fluids resistance to deformation at a given rate) is the property by which
melt flows are categorized and understood. Thermoplastics combine the properties of an
ideal viscous liquid (no resistance to shear deformations) with those of an ideal elastic
solid (pure elastic deformations). Thermoplastics are therefore said to be viscoelastic. The
mechanical properties of plastics in the form of tensile strength, elongation at break,
rupture energy, etc. also impacted by viscoelastic parameters. The viscous attributes of
melt flow are very important considerations during any processing system. [6]
Thermoplastics tend to undergo non-Newtonian flow. This means that their
viscosity changes with strain rate. This makes non-Newtonian flows harder to predict and
control compared to Newtonian fluids whose viscosity is independent of strain rate. [5]
There are two common modes of deformation: shear and tension. The actual
behaviour during melting is in a screw plasticator (injection unit) is considered to be
extremely complex displaying many types of compound shear-tension relationships.
Together with the screw design, the deformation determines the pumping efficiency of
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the plasticator and controls the relationship between output rate and pressure drop that
occurs in the mold cavity as the polymer enters the solidification/cooling phase. [2]
2.1.7 Plastication
As mentioned previously is the process of melting the plastic material and
preparing it to be injected into the mold. While the original injection molding machines
that started in the 1870’s used ram and plunger mechanisms, the single-stage and twostage rotating screw models became more popular [12]. These days the ram and plunger
model is mainly relegated to processing plastics with very little/less demanding melt flow
(for example, ultrahigh molecular weight polyethylene). These systems use a piston and
sometimes may even feature a torpedo.
There are different injection molding machine operating designs (a) all-hydraulic,
(b) all-electrical (c) hybrid (combination of both). Each of these designs offers their own
advantages such as reducing product weight (reducing material consumption),
minimizing in-mold stresses, molding very small or very large products, improving
performance and increasing process control ability. There are some other less popular
injection molding machine operating designs that are primarily used for speciality
molding operations. A prime example for this category being gas-injection molding
machine systems (GIMM). They involve injecting an inert gas (most commonly nitrogen)
into the melt as it enters the mold. The gas forms a series of interconnecting hollow
channels and in effect, it packs the plastic material against the cavity. Another operating
design belonging to the same category is inter-compression molding (also referred to as
injection stamping). It uses a compression type mold featuring a male plug that fits into
the matching female cavity. After the shot (unpressurized) enters the mold, stress-free
16

melt is compressed within the mold to obtain the finished product. Other such speciality
injection molding operating machines include two-colour injection molding, counterflow
injection, multi-live injection molding, oscillatory injection molding, liquid injection
molding, foam injection molding, fusible and soluble core injection molding, tandem
injection molding, injection blow molding, injection molding with rotation, continuous
injection molding, metal-plastic injection molding and vacuum injection molding. [13]
2.1.8 Injectors
The most common injector mechanism employs a mechanical screw design like
seen in Figure 2.2. The rotation of the screw is used to ensure the polymer is mixed and
melted to a sufficient degree after which the screw is driven towards the mold in a
plunger action to inject the polymer into the mold. One of the main reasons the screw
design sees more use compared to other alternatives like pneumatic injectors is its ability
to ensure uniform mixing and pressurization. The motion of the screw is controlled to
keep the injection molding machine’s process control operations at their defined points.
The usual variation in melt temperature, melt uniformity and melt output is kept to a
minimum before entering the mold. Heat energy is supplied by means of heater bands
wrapped around the barrel and by the mixing action that occurs as the plastic material is
moved along by the screw. Both thermal conduction and mechanical friction occur during
the screw rotation. The different controls used during injection molding such as back
pressure and screw rotation speed can influence melt characteristics. [6]
Most injection molding machines use a single, constant-pitch metering type screw
for handling the material. The feed section is at the back of the screw and occupies 5075% of the screw length. Screw length depends largely on how much heat has to be
17

added to the plastic that enters the hopper where it may be preheated. The melting section
is where the material is heated and softened to a continuous melt. It can cover from 550% of the screw length. This section is usually referred to as the compression zone and
it has to be made sure that it is sufficiently long to make sure that the plastic is melted. A
straight compression-model screw is one having no feed or metering section. Certain
materials tend to not have a compression zone, because overheating and solidification of
the melt could occur between the screw and barrel. In the metering section, the plastic is
smeared and shared to give the melt the uniform composition and temperature it needs
before it is let to enter the mold. Because the high shear action tends to increase the
temperature of the polymer and the length of the metering section is depending on the
material’s sensitivity in terms of response to heat and if any additional material is also
being mixed into the polymer before injecting it. If the material exhibits high response to
heat, it can tolerate very little to no metering action. For most commonly used materials,
the average is at about 20-25% of the screw length. Both the feed and metering sections
usually maintain a constant and uniform cross-section. [14]
2.1.9 Molds
The mold is one of the more complex and expensive subcomponents of the
injection molding machine. If not designed, operated, handled and maintained properly,
operating it could potentially become even more expensive and cost inefficient
(Figure2.3).
Under the applied pressure coming from the melt flow the hot melt moves through
the mold rapidly filling it up. During the injection of material into the mold, air in the
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cavity (or multiple cavities in some cases) is released to prevent the material from
burning upon interacting with air and forming voids in the product.

Figure 2.3: Mold cooling
With thermoplastics, temperature-controlled water (mixed with ethylene glycol if
water has to operate at temperature below its freezing point) is circulated in the mold to
remove heat and with the case of thermosets, the more common practise is using
electrical heaters are usually used within the mold to provide the additional heat required
to solidify the plastic melt in the cavity. The mold features a sprue, runner, cavity gate
and the cavity itself. The sprue is a stationary channel that transports the melt from the
plasticiser nozzle to the runner. In turn, the polymer flows through runners-channels cut
into the mold that allows material flow and past the gate into the mold cavity. Single
mold cavities usually have no runners so material flow is routed directly from the sprue to
the gate [15]. Different runners are used to meet different processing requirements. The
most popular being cold and hot runners. [6]
Molds are provided with different means of opening and closing to eject the
processed component like - sliders, unscrewing devices, undercuts, knockout systems,
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etc. Different subcomponents of the mold are shown in Figure 2.4. Sometimes the same
systems may also serve the purpose of solidifying runners at the proper time. These basic
operations in turn require control of various input parameters like fill time, hold pressure,
etc.

Figure 2.4: Common mold design
To simplify this already complex process, whenever possible the product should
be designed with features that could potentially simplify the mold-cavity melt filling
operations. Many such features could improve not only ease of manufacture but also
product performance and may even reduce costs indirectly by reducing tooling, operating
costs and such. It also helps if mold cavity draft angles according to the material that is
planned to be used and tolerance requirements. They also aid in reducing the possibilities
of inducing various defects.

2.2 Overmolding
Manufacturers have started proposing the integration of various secondary
operations to meet industry requirements especially when the demand is based around
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high production rates. Injection molding has always been of interest when it came to high
volume production not only due to the relatively small number of steps/operations needed
to make even complex shapes but also allows for a high degree of automatization and
ease of integration with other systems in place. One of these concepts of modified
injection molding is injection overmolding [16]. Overmolding builds on the use of inserts
in injection molding by replacing the insert with another part/component that is part of
the same assembly or sub-assembly. The resulting process involves placing the
insert/substrate (usually pre-heated) in the mold and allowing for it to act as part of the
tooling with the injected polymer flowing over it and solidifying during the packing and
cooling phases. The two parts may be held together by mechanical interlocks, additional
adhesives or interface bonding [16]. It is an effective implementation of a hybrid process
that combines thermoforming and injection molding [17]. One of the biggest advantages
coming with this hybrid process is the injection molded component also being assembled
to the insert or substrate without needing additional steps after molding. Overmolding
also proves to be very versatile with its ability to accommodate either similar or
dissimilar

materials

components/structures

showing
which

can

promise
be

for

selectively

fabricating
designed

to

multi-material
meet

specific

material/structure property requirements, mechanical response, cost, cushioning against
vibration/impact or other features that could increase functionality or ease of integration
with other components [18] [19].
Injection molded thermoplastic components were previously surrounded by
concerns when it came to using them for load-bearing applications. While the ability to
injection mold fiber-reinforced thermoplastics has partially alleviated these concerns [1],
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they still might not possess the mechanical properties required to be used as reliable
structural components/sub-component. But they can overcome the challenge when used
as a hybrid system in conjunction with other materials [3]. In the hybrid system, it
becomes very important to maximize the strength and quality of the interface bond to
ensure they components stay as a single unit for their effective service life. Compared to
the manufacture of monolithic injection molded components or even overmolded
components using mechanical interlocks, achieving a good in-mold bond along the
interface adds extra complications to optimizing the process. Typically, the chance of
failure at an interface or joint is higher than failure in a continuous section [18].
Overmold interfaces feature dissimilar materials each at a different temperature adding to
the list of parameters to be optimized for injection molding to avoid defects such as
warpage, crack or weldline formation, burning the substrate and achieve a high-quality
bond. While there is a good understanding of what properties need to be tweaked to avoid
defect formation, what properties or conditions can ensure formation of a good overmoldbond at a degree consistent enough for overmolding to be incorporated in large scale
production are not well known. The limited understanding, we have makes it hard to
build FEA prediction and validation tools. The lack of such a tool makes it hard for
designers to understand what properties could be expected from an overmold bond and
how manufacturing parameters could be adjusted to achieve a bond that would meet their
design requirements. This makes it challenging to incorporate overmolding into current
design work flow and would increase development cost. As a result, understanding which
parameters contribute to good bond formation has become a topic of interest.
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2.2.1 Attempts made to characterize or improve overmold bonds
[18] decided to approach bond quality quantification by evaluating fracture
energy and characteristics of overmolded components. The substrates laminates used for
these specimens were made of TenCate Cetex 7581 with a strip of Kapton tape placed on
one end of the woven laminate to serve as a pre-crack for the fracture test. Lexam 3414
resin was overmolded onto the substrate with an injection temperature of 300°𝐶, packing
pressure 55 MPa. Total molding time was set to 45 seconds and the mold temperature
was 88°𝐶 to minimize risk of specimen deformation. All specimens involved in the study
were manufactured under the same conditions without any changes or optimization
however, Interfacial temperatures were not recorded.
The specimens were subjected to tension loads until they completely severed
along the bondzone. Specimens were categorized into three groups based on thickness of
the substrate and overmold layers. Fracture energies expressed as a function of fracture
length stayed relatively consistent across all groups but the fracture energy itself for each
group varied by up to 15%. Upon visual inspection of the bondzone post fracture tests,
smooth non-bonded regions were observed adjacent the rougher textured bonded regions.
It was noted that these non-bonded regions became more prevalent along the length of the
specimen away from the injector’s location. [18] concluded that these defects likely had
low impact on the specimen’s performance. They also speculated that these defects could
be avoided with better surface preparation for the substrate or higher preheat
temperatures.
[16] aimed to identify factors that contribute to bond formation by testing T-joint
specimens and then attempt at predicting bond strength using a non-isothermal healing
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model. Healing models are used to evaluate the effect of interdiffusion between polymers
The study used two healing models: (1) non-isothermal model and (2) self-diffusion
model, to investigate which model would better match their test results. The nonisothermal model builds its prediction based on temperature evolution along the interface
zone. The self-diffusion model uses quadratic distances of diffusion and temperature to
do the same [20]. Both models used average temperatures along the interface zone as
obtained from Autodesk’s MoldFlow Insight-2019. Homopolymer polypropylene was the
material of choice for both the substrate and overmolded sections of the test specimens. A
two-cavity mold was used with all the samples being made with the base preheated to a
130°𝐶 before the filling phase. Melt temperatures were varied between 220°-260°𝐶 and
pressure variation range from 100-200 bar. From their test results they concluded that
increasing melt temperature had a positive effect. It was explained as an increase in
macromolecular interdiffusion with increase in temperature which they mention was to be
expected. While they expected increase in pressure to increase the degree of contact and
as a result increase bond strength however, the results showed the opposite trend. This
drop in strength with increase in pressure was attributed to possible oversaturation interms of degree of contact along the interface zone.
When compared with mechanical test data, both healing models were said to have
shown good agreement in interpolation, but the non-isothermal model had more errors
depending on how it was formulated. The self-diffusion model proved to be more
consistent in this regard. Overall, it was observed that both models showed a tendency to
overpredict or underpredict strength outcomes based on average temperatures with errors
ranging from 1% to 35%. [16]
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[15] used PLA 3100HP test specimens consisting of a plate with a rib on top of it.
Four sets of specimens each with a combination of either section being molded or printed.
For the molded sections, temperatures were varied between 180° and 250°𝐶 . The cooling
cycle duration used for each of the manufacturing runs was changed slightly for each
cycle based on: (a) the difference between melt temperature and mold temperature (b)
difference between ejection temperature and mold temperature.
Tensile test results from specimens showed that with increasing temperature the
overmold bond did show small improvements in-terms of strength. It was also noted that
once past a certain temperature limit, the specimens showed a tendency to fluctuate
between losing some tear-off strength or a very tapered off increase.
Following injection temperature, the next major contributing factor was noted to
be crystallinity of the perform with test results from amorphous preforms showing higher
bond strengths which was explained as could be due to lower temperature requirements
for the heating for melting. Higher crystallinity could impair welding significantly. [21]
[13] Overmolded EPC samples with injection temperatures of 140°𝐶 and higher.
Some specimens heat-treated for 30 minutes at 140°𝐶 -the temperature at which crystals
would melt. The mold’s inner surface was covered with PTFE (Polytetrafluoroethylene)
tape to avoid deformation when heat treating close to or above melt temperatures.
The results from their peel tests showed that for the EPC-PP material pairing,
bond strength under 160°𝐶 melt is quite low and once past that temperature mark bond
becomes too strong and the specimen did not fail at the bondzone making it difficult to
characterize the bond’s properties. The heat treatment done prior to the overmolding
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process showed increased adhesion for only some of the polymers tested with. Peeling
force required to induce failure in sheer tests saw an increase with increase in injection
temperature for only PP-EPC34. Bond strength of other material components seemed to
rely more on change in volume of amorphous polymer than change in injection
temperatures. The study concludes that the range of temperature over which overmolding
can be controlled is extremely narrow and attempting to control industrial production
control with temperature would not be suitable. [13]
[22] chose to test samples made of PEI/CF sheets overmolded with PEI/GF short
reinforced granulates manufactured in molds designed to gather information from the
bondzone during the injection molding cycle. A combination of in-mold cavity sensors,
IR sensors and thermocouples were used to relay data from the manufacturing cycle.
Three tests were conducted- pure tension, pure shear and mixed mode peel tests with
specimen geometries varied to meet the requirements for each test but the material
processing and manufacturing process parameters kept the same. Results from their pure
shear and mixed mode peel tests showed low variance between specimens of all positions
indicating good overall reproducibility. Pure tension tests however had more variance in
results despite all specimens being made at the same injection temperatures. This partly
attributed to the samples being at different positions in the mold before being cut into
smaller test specimens. But, even those of the same position during the injection mold
cycle showed variations in results that they state could have resulted from sample
preparation and a relatively small bonding interface area.
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2.3 Discussion and Conclusions
Bond strength measured in the form of tensile loads on rib like structures seems to
be a good way to characterize performance of overmold components because trying to
manufacture standard tensile test specimens would provide too small an interface area
that could severely hamper quality of the bond and consistency in test results.
A lot of overmolding studies seemed to focus on the bond’s mechanical properties
or process parameter optimization separately. Only a few attempt at build a relation
between the two. Even among the studies that attempt to build a relation between the two,
most studies link resulting bond strength data to injection molding cycle’s process
parameters but do not consider what the conditions are along the bondzone during the
molding cycle.
While nearly all studies [18] [16] [17] [21] [23] [19] [24] [25] agree that
temperature is a major contributor to determining bond quality, there still appears to be a
lot of confusion around exactly how and to what extent an increase or decrease in
temperature would impact bond quality. Our study will focus on measuring the impact of
changing injection temperature on bondzone temperatures and as result on bond quality.
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CHAPTER 3
MANUFACTURING PROCESS SIMULATIONS WITH
MOLDEX3D
Injection molding machines can control both temperature (example, injection
temperature and base plate temperature) and pressure (example, injection pressure). Both
parameters are critical to obtain the desired temperature at the bond-zone, the interface
between injected resin and base plate. To retrieve the temperature at the bond-zone,
thermocouples in combination with a trail-and-error approach are used to find the
parameters which yield the desired bond-zone quality. This, however, can be expensive in
both time and cost. Therefore, using a finite element analysis (FEA) tool can be useful to
determine the desired parameters without the need for a trail-and-error approach, and thus
reduce overall cost.
For polymers, the time for bond formation is inversely proportional to pressure
and directly proportional to viscosity, which in turn is inversely proportional to
temperature.

𝑡𝑏𝑜𝑛𝑑 ∝

𝜇
𝑃
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Where 𝜇 is the viscosity, 𝑃 is the pressure, and 𝑡𝑏𝑜𝑛𝑑 is the time for bond
formation. With viscosity being a function of temperature, process parameters that impact
quality of the bond are: (i) temperature, (ii) pressure, and (iii) time under given
temperature and pressure. In this chapter FEA tools are used to investigate the effect of
injection temperature and pressure on the conditions formed along the bondzone. This
data will be compared with mechanical test results to investigate how bond quality
changes with processing conditions. The time at temperature and pressure is kept constant
for the different simulations.
The results from numerical simulations could be an asset when it comes to
optimizing processing conditions. Optimizing processing conditions is very important for
a few reasons. Optimizing processing conditions to achieve a uniform temperature profile
along the bond-zone to ensure that once all the polymer is in place, the full area of the
bond cools at the same time. Reducing disparity in cooling times is important to increase
the chance for formation of a uniform-well consolidated bond and decrease the chance of
micro-fracture formation. In cases where substrate and overmold sections feature
different materials, they would have different cooling rates which could increase the
chance of defect formation along the bondzone. Optimized polymer flow could help
reduce the risk of defect formation and form bonds meeting the requisite quality levels on
a consistent basis. Another reason to optimize processing conditions, the temperature,
pressure and viscosity along the bond-zone must not only reach certain limits but must
also be maintained above certain thresholds/ranges to ensure the polymer is given enough
time to bond and heal. Failure to maintain these conditions for sufficient amounts of time
would result in premature cooling of the polymer resulting in the formation of fractures
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or weld-lines along the bond-zone that could severely compromise the structural
integrity.
In this chapter the selection of numerical tools and simulations are discussed. The
manufacturing process simulations aim to analyse polymer flow and investigate the
influence of various input conditions on the conditions being induced on the surface of
the substrate as the polymer flow gradually fills the mold and the solidifying polymer is
held in place for its packing and cooling cycles. Various combinations of injection
temperature, substrate temperature and injector locations are investigated to see how
changing these process parameters impact pressure and temperature spatial and temporal
profiles along the bondzone from start to finish of the overmolding process.
The model used for these simulations replicates the 10-inch T-stiffener to the
same scale as the one overmolded onto the substrate for mechanical testing which will be
discussed in the next chapter.

3.1 Polymer Flow Simulations
Commercial off the shelf software Moldex3D was selected to simulate polymer
flow in a T-stiffener specimen. The software tool was chosen based on its capability to
simulate injection and compression overmolding, including accounting for the effect of
the substrate on polymer flow and vice-versa to accurately predict the condition at the
bond-zone based on the machine settings (injection temperature and pressure for a given
nozzle geometry and location).
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The Moldex3D model (see Figure 3.1) was representative (same dimensions,
nozzle geometry, location, etc.) of the manufacturing process used by Harper Engineering
for the overmolding of a T-stiffener onto a substrate panel.

Figure 3.1: Moldex3D model
In Figure 3.1, the pale-yellow section represents the overmolded stiffener, the red
arrows represent injector locations, the dark rectangular section underneath the
overmolded stiffener is the substrate panel. The translucent blue cuboid around the
stiffener and substrate system is the moldbase (Moldex3D’s tool for selecting the domain
in which tooling boundary conditions are applied) and the yellow arrows showing the
axis along which the moldbase opens or closes.
The stiffener and substrate assembly were modelled in CATIA and imported into
Moldex3D. Once imported, the stiffener was assigned attribute – ‘part’ and the substrate
panel assigned attribute – ‘mold insert’. After defining a moldbase of size (375x150x150
mm) to define boundaries for the system, Moldex3D’s automatic meshing tool is used
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with a global seeding size of 0.25mm. A convergence study was performed using
injection temperature 380°𝐶

and substrate temperature 190°𝐶

as a benchmark for

comparing results. It was determined that the global seeding size of 0.5 could provide
converged, consistent, and accurate results while keeping simulation run times
reasonable. The results from the convergence study have been plotted in Figures 3.2, 3.3
and 3.4. These plots show data as exported from the locations shown in Figure 3.5.

Figure 3.2: Results with mesh size 3.625
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Figure 3.3: Results with mesh size 0.5

Figure 3.4 Results with mesh size 0.25
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The meshed model is exported to the solver and the material to be injected was
selected to be Victrex’s 150CA30 from Moldex3D’s material database (same as used for
the fabricated specimen). The injection temperature, substrate temperature and injection
pressure were changed for each run and are reported with the discussion of their
corresponding results in Section 3.2. For all the runs injection pressure and packing
pressure were set to be the constant. Flow rate and packing pressure profiles were chosen
to be default stepwise profiles suggested by Moldex3D based on material properties and
injection pressure profile was selected to be uniform. Moldbase temperature was set to be
400°F as used by Harper Engineering. Fill time was set to 1.875 seconds with a shot size
of 2.4652 cubic inches also as determined and used by Harper Engineering when
manufacturing the specimen. Other parameters such as packing time, cooling time, eject
temperature were left to be the same as Moldex3D default suggested values that it
estimated post meshing based on the model and material selected. For all the simulation
runs, the solver was queued to run for – injection, packing and cooling cycles. Moldex3D
calculated the filling phase across 10 time-steps and packing, cooling and mold opening
phases across 3 time-steps each.
Moldex3D does not yet allow for exporting the full nodal data into a text file or
another form of user accessible and readable file. It only allows exporting the data from
select nodes as manually marked by the user after results have been calculated. To keep
the result comparison consistent, 10 coordinate points were selected along the length of
the bottom face of the stiffener to determine conditions induced along the interface/bondzone. These points are denoted by the yellow dots as shown in the figure below.
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Figure 3.5: View of the bottom surface of the overmolded section showing the yellow
points along the length of the stiffener are nodes whose data is plotted in the graphs
below (numbered 1-10)

Table 3.1: time intervals for each cycle of the overmolding process
Start time of the cycle

End time of the cycle

Filling Cycle

0 secs

2.102 secs

Packing Cycle

2.102 secs

8.58 secs

Cooling Cycle

8.58 secs

18.98 secs

The different cases run on Moldex3D and their results are discussed in section 3.2.

3.2 Moldex3D results
Moldex3D cases and models were developed to identify the effects of injection
temperature, substrate temperature, injection pressure and injector location on the
resulting conditions along the bond-zone. To achieve that, 3 different sets of studies were
conducted.
In Figueres 3.7 and 3.8, sample contour plots of temperature for injection
temperature 380°𝐶 and substrate temperature 190°𝐶 as shown in Moldex3D. However,
since there was little visible difference in contour plots between the different test cases
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for temperatures and pressure, they were not included for each test case of the
temperature and pressure study discussed in Sections 3.2.1 and 3.2.2.

Figure 3.6: contour plot of temperature

Figure 3.7: Contour plot of temperature along the interface zone/bond-zone (stiffener
hidden from view)

Results from all the test cases were measured along the same 10 nodes along the
interface zone between the stiffener and substrate. To better understand and represent the
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trends in polymer behavior across the different test cases for each of these test cases, two
graphs were plotted, one showing the temperature at each of these 10 nodes at each time
step through the three cycles and a second graph showing the maximum, minimum and
mean temperature at each time step across the 10 nodes at that time step.
3.2.1 Effect of temperature study
For this study, the stiffener’s injector locations were kept fixed across all
simulations at 2.5 inches from either end of the stiffener (the same as those used for the
manufacturing process of the T-stiffener test specimens). Injection pressure, fill time,
packing time, cooling time and all other input conditions were also kept constant except
for polymer injection temperature and substrate pre-heat temperature. The first batch of
test specimens were manufactured using an injection temperature of 380°C and a substrate
temperature of 190°C and for the second batch, injection temperature was increased upto
426°C while keeping the substrate temperature to roughly the same 190°C

The

temperature values have been used as a baseline for the temperature study and to
investigate the effects of increasing or decreasing these values, one of either injection or
substrate temperatures were decreased or increased at a time to compare these results
with the baseline conditions used in the experiments.
The different temperature cases tested, and their result plots are listed below
(cases 1 to 6 are based around the conditions used for the manufacture of batch 1 and
cases 7 to 9 are based around the conditions used for the manufacture of batch 2):
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Case 1: injection temperature 380°𝐶 substrate temperature 190°𝐶

Figure 3.8: Plots for temperature case 1

Case 2: injection temperature 380°𝐶 substrate temperature 210°𝐶

Figure 3.9: Plots for temperature case 2
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Case 3: injection temperature 380°𝐶 substrate temperature 170°𝐶

Figure 3.10: Plots for temperature case 3

Case 4: injection temperature 400°𝐶 substrate temperature 210°𝐶

Figure 3.11: Plots for temperature case 4
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Case 5: injection temperature 400°𝐶 substrate temperature 190°𝐶

Figure 3.12: Plots for temperature case 5

Case 6: injection temperature 400°𝐶 substrate temperature 170°𝐶

Figure 3.13: Plots for temperature case 6
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Case 7: injection temperature 426°𝐶 substrate temperature 190°𝐶 (used to manufacture
batch 2 test specimens)

Figure 3.14: Plots for temperature case 7

Case 8: injection temperature 432°𝐶 substrate temperature 190°𝐶

Figure 3.15: Plots for temperature case 8
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Case 9: injection temperature 421°𝐶 substrate temperature 190°𝐶

Figure 3.16: Plots for temperature case 9

3.2.2 Effect of injector location study
For this study, all input parameters – injection temperature, substrate temperature,
injection and packing pressures, packing time, cooling time were kept the same across all
test conditions and set to be the similar to the ones used for the manufacture of batch 1
(Injection temperature-380°𝐶, Substrate temperature-190°𝐶 and pressure 250 MPa).
Injector locations were changed to investigate how they would affect polymer flow and
the resulting temperatures along the interface or bond-zone. Because the change in
injector locations could potentially change fill time, Moldex3D’s automatically estimated
fill time was used. (In the result images below, the cylindrical sections along the blade of
the T-stiffener are where the injectors are located at, with the wider cross-section
provided at the injector locations to enable better polymer flow). While the other 2
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studies had only their graphs included, test cases below also include 3D contour plots for
temperature across the stiffener.
The different cases tested, and their results are listed below:
Case 1: Injectors located just as in Harper’s tooling for the manufacture of test specimens
(about 2.5 inches from either end)

Figure 3.17: Contour plots for injector case 1
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Figure 3.18: Plots for injector case 1
Case 2: Injectors located 1-inch away from either end

Figure 3.19: Contour plots for injector case 2
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Figure 3.20: Plots for injector case 2

Case 3: Injectors located at the ends of the stiffener

Figure 3.21: Contour plots for injector case 3
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Figure 3.22: Plots for injector case 3

Case 4: Injectors located at both ends and an extra injector in the middle of the stiffener

Figure 3.23: Contour plots for injector case 4
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Figure 3.24: Plots for injector case 4

3.3 Conclusions
On examining the plots, across the different conditions simulated nodes 2-9
showed a relatively uniform thermal profile and temperature at nodes 1 and 10 was
consistently about 10 degrees lower than the mean temperatures. Changing injector
location and count had little impact on this. A change in part design or tool design would
likely be needed to induce a change in polymer flow pattern significant enough to offset
this drop in temperature.
Changes in substrate temperatures also did not change bondzone temperatures.
Increase in injection temperatures however showed some increase in bondzone
temperatures. While the increase in bondzone temperatures when injection temperature
was increased from 380°𝐶 to 400°𝐶 was small, once past the 400°𝐶 mark mean
temperatures saw a steady increase with change in injection temperature.
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CHAPTER 4
EXPERIMENTAL TEST RESULTS
To understand the basic characteristics and properties of an overmold bond between a
PEEK/PAEK substrate and PEEK overmold, the specimens (T-stiffeners) were subjected
to tensile pull-off tests. The T-stiffeners were manufactured as samples measuring 10
inches long, 1inch wide and 1 inch tall and later cut into smaller 2-inch test coupons to
study the effect of varying thermal profiles along the length of the bondzone as seen in
Chapter 3.
In Section 4.1, the test specimens, experimental setup and test results are
discussed. Section 4.2 further discusses observations during testing and result analysis.

4.1 Experimental Setup
Pull-off tests were conducted on a universal testing machine (UTM) in its tensile
configuration. The substrate is restrained by the lower clamp while the upper clamp
pulled the blade of the stiffener upwards. Load was increased as a uniform function of
time until complete failure in the form of stiffener detaching from the substrate/breaking
away was observed.
The tests were conducted using an MTS criterion UTM with a 50 kilo-newton
load cell. The lower clamp holds a T-shaped base atop which the test specimens was
placed [refer to a figure]. Two flat plates are used to hold down the substrate panel that
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extends out from under both sides of the stiffener. Four bolts are used to make sure each
of these two plates are held firmly in place by 4 bolts running through the support and
base plates. The blade of the stiffener is sandwiched by two thing plates that are held
together by four bolts and nuts, two on each side. The vertically sandwiched plates are
held by the upper clamp and pulled upwards at a displacement rate of 0.05mm per
second. The same constant rate of loading was applied until the stiffener either
completely detached or broke away from the substrate panel. The results from these are
discussed in section 4.2.

Figure 4.1: (Left to right) MTS criterion testing machine, test rig as mounted on
the UTM, test specimen-overmolded stiffener
The samples have been divided into two categories – first and second based on the
first and second batch manufactured by Harper. Process parameters and control vary
slightly for the two batches of specimens. These are further discussed in Section 4.1.1 and
Section 4.1.2.

49

Figure 4.2: position of the smaller test coupons as cut from the overmolded stiffener
In the tabulated results (Table 4.1 and 4.2), the first half of the sample number
indicates the name of the longer 10-inch stiffener and the number following the hyphen
denotes its position during along the stiffener during manufacture as depicted in figure
4.2.
4.1.1 First Batch
The manufacturer used the first batch of specimen to calibrate and optimize their
manufacturing setup, parameters and tooling and make changes, as necessary. Injection
temperatures were maintained at 380°𝐶 and substrate temperatures of 190°𝐶 with some
specimens being made with injection temperatures a little lower than the 380°𝐶 . The
results from these specimens are listed in the Table 4.1. In the Table 4.1, the blue cells
represent the first test specimens that were made with slightly lower temperatures than
380°𝐶 as part of Harper’s attempts to make sure all their equipment and tooling was
working as intended. The green cells show the results of test specimens that consistently
had injection temperatures of 380°𝐶 and all other conditions were also kept stable and
consistent.
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Table 4.1: Batch-1 test results
Sample

Failure

Stress

number

load (N)

(N/mm2)

6A-1

0

0

Failure mode

stiffener detached from plate likely due to small twisting
loads when mounting the test jig onto the UTM's clamps

6A-4

0

0

fully detached from the plate prematurely just as loading
began

10A-2

0

0

fully detached from the plate prematurely just as loading
began

11A-2

0

0

fully detached from the plate prematurely just as loading
began

11A-4

0

0

fully detached from the plate prematurely just as loading
began

11A-1

0

0

fully detached from the plate prematurely just as loading
began

10A-1

1074.568

0.772004

fully detached from the plate without leaving any traces on
the plate but, part one corner of the stiffener chipped away
separately

6A-2

0

0

fully detached from the plate prematurely just as loading
began

11A-3

176.738

0.1269742

fully detached from the plate without leaving any traces on
the plate

6A-3

295.619

0.2123821

fully detached from the plate without leaving any traces on
the plate

11B-4

0

0

fully detached from the plate prematurely just as loading
began

15B-2

2967.27

2.1317819

crack growth from right to left side across the full length
(some slip noticed in the clamps before the stiffener fully
separated)

20B-3

1116.74

0.8023018

fully detached from the plate without leaving any traces on
the plate

11B-1

897.805

0.6450119

stiffener detached with a small part of the right flange still
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stuck to the plate
20B-1

445.986

0.3204106

stiffener's blade, right flange and a small part of the left
flange detached with the other part of the flange stuck to the
plate

From Table 4.1 we can see that 8 of the 15 specimens failed at negligible loads
and even the other 7 show extremely inconsistent results. This in large part could be a
result of injection temperatures being a little lower than 380°𝐶. Based on these results,
small changes were made to the tooling and process control by the manufacturer to
optimize the operation for the second batch.
4.1.2 Second Batch
The second batch featured the use of two different substrates. One made at UofSC
(same as used for batch-1) and other made by Victrex, also a reinforced PEEK laminate
but with an additional layer of resin on the top surface. For the second batch of
specimens, samples numbered UofSC 7, 8, 9 and 10 were made using melt temperatures
of 405°𝐶 and UofSC 16, 17, 18, 19 and 20 were using melt temperatures of 420°𝐶.
Substrate temperatures were set to the same 180°𝐶 for all UofSC panels. For the Victrex
panels, substrate temperature was increased to 190°𝐶 and injection temperature was set to
405°𝐶 for V 6, 7, 8 and 9 and set to 420°𝐶 for V 16, 17, 18 and 19.
Table 4.2: Batch-2 test results

UofSC
panel

sample
number
UofSC 7-1

failure load
(N)
800

stress
(N/mm2)
0.5747

failure mode
fixture slipped at the upper clamp

UofSC 7-2

1225.964

0.8807

stiffener detached from the substrate
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Victrex

UofSC 7-3

1098.218

0.7889

UofSC 7-4

1172.594

0.8424

UofSC 8-1

1492.884

1.0725

UofSC 8-2

1281.775

0.9208

UofSC 8-3

1366.432

0.9816

UofSC 9-1

1491.96

1.0718

UofSC 9-2

1843.453

1.3243

UofSC 9-3

1834.505

1.3179

UofSC 16-1

948.58

0.6814

UofSC 16-2

1581.663

1.1363

UofSC 16-3

1330.884

0.9561

UofSC 17-1

1166.158

0.8378

UofSC 17-2

1444.122

1.0375

UofSC 17-3

1343.46

0.9651

UofSC 18-1

1556.968

1.1185

UofSC 18-2

995.592

0.7152

UofSC 18-3

1131.785

0.8131

UofSC 19-1

1277.775

0.9179

UofSC 19-2

1484.762

1.0667

UofSC 19-3
V 6-1

1748.19
1538.082

1.2559
1.1050

panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener detached leaving one corner of
it on the panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener partially detached with one
end still stuck to the panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
stiffener detached from the substrate
panel
one flange of the stiffener lifted off the
panel and the other still stuck
stiffener's blade and one flange broke
away from the other flange but, both
sections remained partially attached to
the panel
crack propagation under the stiffener
stiffener's blade broke away with both
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panel
V 6-2

1489.528

1.0701

V 6-3

1546.261

1.1108

V 7-1

1545.832

1.1105

V 7-2

1692.811

1.2161

V 7-3

1551.533

1.1146

V 8-1

1589.391

1.1418

V 8-2

1621.811

1.1651

V 8-3

1478.183

1.0619

v 16-1

1548.829

1.1127

V 16-2

1717.147

1.2336

V 16-3

1649.353

1.1849

V 17-1

1429.847

1.0272

V 17-2

1696.534

1.2188

V 17-3

1603.39

1.1519

V 18-1

1671.638

1.2009

V 18-2

1642.363

1.1799

V 18-3

1575.455

1.1318

flanges still firmly stuck to the plate
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade and one flange broke
away from the other flange but, both
sections remained partially attached to
the panel
crack propagation between the
stiffener's blade and one of its flanges
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade and one flange broke
away from the other flange but, both
sections remained partially attached to
the panel
stiffener's blade broke away with both
flanges still firmly stuck to the plate
stiffener's blade broke away with both
flanges still firmly stuck to the plate
crack propagation between stiffener's
blade and both flanges
stiffener's blade broke away with both
flanges still firmly stuck to the plate
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From a quick look at Table 4.2, the results are a lot more consistent compared to batch 1
(Table 4.1). Also, unlike batch 1 there were no specimens that failed at extremely low
loads. This could be attributed to higher injection temperatures and better process control.
Test results are further discussed in Section 4.2.

4.2 Observations and Conclusions
The second batch of specimens yielded more uniform failure loads; it is important
to state that the failure loads for the panel made at UofSC was lower than the failure loads
recorded using the panel made by Victrex. Figures 4.1 and 4.2 showcase the most
common mode of failure for each UofSC samples and Victrex’s samples. As can be noted
from these images, a majority of UofSC’s specimens failed with the stiffener cleanly
detaching from the substrate underneath. Victrex specimens on the other hand failed with
the stiffener just beginning to de-bond along the middle but blade of the stiffener
breaking away from the base/flange of the stiffener before it could fully come off the
substrate. None of the samples saw full detachment from the substrate.
An additional observation at the time of testing was that most of the UofSC panels
involved in phase 2 of testing started showing first signs of failure or cracking in the
range of 450-550 N with not many specimens deviating from this trend. While the
Victrex panels showed a greater tendency to show no signs of failure until over 1000 N
and often showed no signs of cracks before reaching peak loads. The maximum, mean
and minimum loads for each of the different sets of manufacturing conditions are listed in
Table 4.3.
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Figure 4.3: most common mode of failure for UofSC specimens

Figure 4.4: most common mode of failure for Victrex’s specimens
Table 4.3: maximum, mean and minimum loads of each batch of the results
panel numbers

maximum load (N)

mean load (N)

minimum load (N)

UofSC 7-9

1843.453

1360.7785

800

UofSC 16-19

1748.19

1334.161583

948.58

V 6-8

1692.811

1561.492444

1478.183

V 16-18

1717.147

1614.950667

1429.847
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The mean load of Victrex samples was 200N higher than for the UofSC panels,
the actual difference in bond strength however, could be even higher because of the
difference in failure modes between the different samples. Since the Victrex specimens
failed not at bond itself but at the base of the blade, it was not possible to quantify the
exact bond strength of the Victrex specimens used for this study. The increase in bond
strength is clearly noticeable.
The increase in injection temperature from 405°𝐶 to 420°C according to
Moldex3D results from fig 3.13 and 3.16 increases the average temperature by
approximately 10°𝐶. This however does not seem to have a significant impact on
bondzone strength with mean failure loads barely changing with increase in temperatures,
especially in the case of UofSC panels.
Inspecting the test results of batch-2 (Table4.2) based on their position during
manufacture as illustrated in image 4.2 reveal some interesting trends. Correlating the
position of the specimens (see Figure 4.2) in the panel with the test results (Table 4.2)
revealed an interesting trend. Figures 6.1 and 6.2 plots the failure loads by their section
number (1, 2 and 3). For the UofSC specimens in section 6.1, it can be observed that
section 2 and 3 while not exactly the same follow similar trends across the different
panels they were cut from. However, section 1 however fluctuates a lot more. This
behaviour coincides with the roughly 10°C drop from node 2 to node 1 in figures 3.13 and
3.16. The non-uniform thermal profile likely resulted in non-uniform cooling of the
bondzone.
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Figure 4.5: failure loads plotted section-wise for UofSC specimens
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Figure 4.6: failure loads plotted as average, maximum and minimum for each substrate
panel
The non-uniformity in thermal profile in the form of an approximately
10°C change in temperature coincides with change increase in bondzone temperature
between UofSC 7, 8, 9 and UofSC 16, 17, 18, and 19 by 10°C. While the change in
bondzone temperature did not appear to significantly improve performance, but the non-
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uniform thermal profile did have an impact. Based on this, it is likely that the bondzone
temperatures only need to be high enough to ‘wet’ the substrate surface (bring it to a
semi-molten state where the polymer is more willing to bond), a uniform rate of cooling
impacts bond quality more than further increasing temperature along the bondzone.
Figure 6.2 also shows similar trends in common behavioural patterns between
section 2 and 3 with section 1 having fluctuations of its own. Compared to UofSC
specimens, the magnitude of fluctuations across all sections are significantly reduced.
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Figure 4.7: failure loads plotted section-wise for Victrex specimens
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Figure 4.8: failure loads plotted as average, maximum and minimum for each substrate
panel

The overall improvement in bond-strength and increased consistency in
maintaining that quality is most likely due to the extra resin layer on the interface surface.
The extra resin along the bondzone makes ‘wetting’ surface easier thereby ensuring
easier bonding. Because the resin layer makes it easier to induce bonding conditions,
impact of non-uniform thermal profiles is also reduced. With the likely hood of thermal
profiles varying even more on larger or more complex shapes of overmolded
components, using the extra layer of resin along the interface surface of the substrate to
make the bond stronger and more consistent across the bondzone. The added consistency
would also make it easier for future studies to build prediction models that could further
ease the implementation and use of overmolding for various application.
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CHAPTER 5
ABAQUS SIMULATIONS
ABAQUS was used to simulate the T-stiffener pull-off test. This could help
bridge the gap between data obtained from destructive testing in the form of pull-off test
done on the T-stiffener samples and data obtained from polymer flow simulations. The
FEA model of the pull-off test provides better insight into stress translation along the
stiffener as it would during the pull-off test and correlating this with locations along the
stiffener specimen where failure is observed, the stress observed along the
locations/zones of failure and the manufacturing conditions observed to build a better
understanding of which temperature conditions are more susceptible/resistant to failure.
This data could prove valuable to optimize finished part quality starting from its
manufacturing process.
The 2-inch stiffener and the substrate panel of corresponding size was modelled in
CATIA V5 and imported separately into ABAQUS. Assembly was done within
ABAQUS and material properties were assigned for both sections. The material
properties of the overmolded section were obtained from the Victrex data sheet [ref data
sheet]. For the substrate generic PAEK properties [ref] were used. The two sections were
tie constrained together with the bottom face of the stiffener being the master surface for
the constraint and the upper face of the substrate panel section being the slave surface.
The constraints and loading are as in the image below.
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Figure 5.1: constraints and loading locations
The loads applied were the same as the failure loads recorded from the pull-off
testing done and the constraints were put in place to replicate the clamping on the test
setup. This model is not an exact representation but a close approximation of the pull-off
test. The exact model would require modelling an adhesive/cohesive layer along the
bondzone. Unfortunately, all the exact properties and behavioural characteristics of the
bondzone are not known to be able to model it. But the results still give us a good idea of
what the possible scaling of stresses is across the test specimen during testing.
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Figure 5.2: results from the first configuration of constraints

Figure 5.3: second configuration of constraints
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Figure 5.4: results from the second configuration
Two boundary conditions were modelled to investigate stresses along the
bondzone during mechanical testing. The two boundary conditions were modelled to
investigate the effect on the stresses and cross-examine it with the experimental results.
Figure 5.2 shows the results for loading and constraints applied as shown in Figure 5.1
and Figure 5.4 shows the results for the setup shown in Figure 5.3. A load of 1000 N,
which was based on the minimum failure load seen in during the experimental testing,
was applied to the nodes on the top edge of the stiffener. Of the two configurations
simulated, deformation in from configuration 2 (Figure 5.4) more closely resembled what
was observed during the pull-off tests. The second configuration was used to simulate
loading conditions listed in Table 5.1.
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Figure 5.5: Stresses observed along the bondzone (load-1000N)
Table 5.1: List of loading conditions simulated.
description

load (N)

average
along

minimum failure load expected 1000

stress max stress along
the the

bondzone (MPa)

(MPa)

109.5

188

131.5

225.6

153.4

263.2

169.8

291.4

from batch 2 specimens
average failure load for UofSC 1240
section 1 specimens
average failure load for UofSC 1400
section 2&3 specimens
average failure load for Victrex 1550
specimens
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bondzone

Simulation results show that test specimens from section 2 and 3 of UofSC panels
(uniform thermal profile) can tolerate stresses 16.65% higher across the bondzone than
section 1 specimens (non-uniform thermal profile). This data shows the potential
increment that could be obtained in bond quality if the component design and
manufacture is optimized to provide uniform temperatures across the bondzone.
Victrex specimens with extra resin layer showcase a 10.69% increase in stress
tolerance across the bondzone compared to UofSC panels. Since the Victrex specimens
did not fail at the bondzone making it hard to define the exact bond quality as discussed
in section 4.3, these results can not only be used to analyse bond stresses but also use this
data to reinforce test specimen design for future studies to induce failure at the bond.
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CHAPTER 6
CONCLUSIONS
Four different substrate panels were manufactured, two at UofSC and two at
Victrex, to be used in the overmolding process. An important difference between the
UofSC and Victrex panels was the added resin layer on the surface which the T-stiffeners
were overmolded upon for the Victrex panels. The process parameters varied between
panels to examine the effect of the process parameter on the quality of the bond and the
failure load. The varying process parameters were (i) injection temperature; (ii) substrate
temperature; (iii) injector location and number. The values for each of these parameters
are:
(i)
(ii)
(iii)

injection temperature (in °C): 380, 400, 421, 426, 432
substrate temperature (in °C): 190, 210
injector location and number (as shown in Figures 3.17, 3.19, 3.21, 3.23)

these parameters were used in the overmolding simulation using Moldex3D.
Moldex3D simulations confirm that the change in injection temperature did cause
a small change in bondzone temperatures but this difference in injection temperate did
not yield significant increase in failure load, indication the small difference in
temperature was not important. The small difference was added to check the sensitivity of
injection temperature range on the bond quality. Simulations in Moldex3D also showed
that an increase in injection temperature while increased the mean temperatures along the
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bondzone did not impact the general uniformities and non-uniformities in thermal profile.
Test results showed that non-uniformities in bondzone temperature (towards the ends of
the stiffener) impact bond quality and consistency more than average or maximum
temperatures. Changing the injection and substrate temperature or even injector location
and count did not help with the temperature drop-off towards the ends of the stiffener.
Some of the different injection temperatures simulated were used in the
manufacture of test specimens to inspect their effects on bond quality. The different
injection temperature used to manufacture panels are listed in Table 6.1.
Table 6.1: Injection temperatures used while manufacturing test specimens
injection temperature in °C
First Batch
all samples

380

Second Batch
UofSC 7-9

405

UofSC 16-19

420

V 6-8

405

V 16-18

420

From the experiments an increased in mean failure load was observed for the
Victrex panel. This increase was attributed to the resin rich layer on the top surface of the
Victrex panel, which resulted in better bonding between stiffener and substrate. The
UofSC lacked this resin rich layer, and therefore, the failure loads were lower, and the
failure mode indicated subpar bonding between stiffener and substrate. The most
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common failure mode for the UofSC panels was separation of the stiffener from the
substrate. Inspection of the stiffener bottom showed no significant amount of ‘panel
residual’ came off the substrate, again indicating a low bond quality.
For the Victrex panel, however, the failure mode was driven by failure of the Tstiffener (mostly) at the vertical flange. The horizontal section of the T-stiffener remained
attached to the substrate indicating a good bond between stiffener and substrate. The resin
rich layer also seemed to dampen the impact of a non-uniform thermal profile with results
being more consistent and showing smaller deviation from the average compared to the
UofSC made panels. The location of failure corresponded with the location of high stress
concentration observed in the numerical simulations.
The effect of the resin rich layer should be examined in more detail to obtain a
good bond between stiffener and substrate. In addition, other surface treatment measure
can yield a better bond as well and should be investigated.
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